Abstract. In this paper, the bending singularity at the apex of a V-notched composite laminate plate is investigated. The anisotropy of the laminate is modeled by the Stroh formalism. Based on the eigenfunction expansion method, the bending singularity orders can be determined by solving an eigenvalue problem numerically. The singularity orders depend on the plate angle, material orientation, material anisotropy and the laminate stacking sequence. The comparison cases show that the material orientation should avoid in order to reduce the bending singularity. The layers near the free surfaces have more significant effects on the singularity order. The findings presented in this paper are helpful in the design of the composite laminate with V-notch.
Introduction
The V-notch structures are common seen in many engineering applications. High stress concentrations occur near the notch. For sharp notch tip, the stress singularities occur mathematically. The stress singularity at sharp notch tip was first investigated by Williams [1] . He considered a notched plate subjected to inplane loads. He introduced the eigenfunction expansion method to find the asymptotic stress field near the notch tip. The concept of the stress singularity orders was also introduced by Williams. Theocaris introduced the complex formulation to solve the singularity order in plane elasticity [2] . After these pioneers' efforts, the problems related to stress singularities were extended to anisotropic materials [3] , muli-material wedges [4] and functional materails [5] .
For bending singularities in notched plate subjected out-of-plane bending, Williams was also the first researcher to investigate such problem [6] . His results were based on the classical plate theory. However, Hartranft and Sih proved that the classical plate theory lead to an incorrect result of singular stresses [7] . They found that for cracked problem, the first order shear deformation theory (Ressiner-Midlin plate theory) would be a better alternative. Huang investigated the bending singularity based on the Ressiner-Mindlin plate theory [8] . Recently, Chen investigated the bending and shear singularity of notched plate [9] . In Chen's results, the stress intensities and the singularity orders were solved simultaneously based on the Mellin transform.
For formulations of anisotropic materials, two systems, The Leknitskii formalisms and Stroh formalisms were proposed [10] . These two formulations were also utilized to solve the stress singularity problems in notched structures [11, 12] . Recently, Chen investigated bending singularities of an anisotropic notched plate [13] . He used the Mellin transform to solve the stress intensities and the results agreed with the finite element calculations.
In the papers regarding to bending stress singularities [8, 9, 13] , the plate is restricted to be homogeneous. To the best of the author's knowledge, no attempt can be found in the open literature for bending singularities in notched laminated plate. In this paper, we extend the homogeneous anisotropic plate to composite laminate plates. The anisotropy of the laminate is modeled by the Stroh formalism. Based on the eigenfunction expansion method, the bending singularity is investigated. This paper is organized as follows. In the Introduction section, a literature review regarding to the stress singularities is presented. The motivation of this study is also given in this chapter. The second chapter gives a brief review of the Ressiner-Mindlin composite laminate. The governing equations in terms of displacement and rotations are derived in detail. In the third chapter, a laminate plate with sharp notch is considered. The Stroh formalism is used to model the anisotropy of the material. The eigenfunction expansion method is introduced to determine the bending singularity. In the chapter of Results and Discussions, comparison cases are considered and the numerical results are presented. Discussions on the strength of bending singularity orders for various conditions are presented in this chapter. Finally, concluding remarks are given in the last chapter.
MATEC Web of Conferences
Consider a Ressiner-Mindlin laminate shown in Fig. 1 . The displacements in rectangular coordinate (4) Here C ij denotes the elastic constant. For N-layer laminate, the moments and shear forces are defined as
where h is the thickness of the plate and
The stacking order is shown in Figure 1 (b). Substitution of Eq. (5) into (3) gives where k 4 and k 5 denote the shear corrected factors, and
The equilibrium equations in terms of moments and shear forces are
Substitution of Eq. (7) into Eq. (9) Introducing the complex function f 1 and f 2 , the rotations and moments can be represented by 
Determination of the bending singularities
and p k is the roots of the characteristic equation Assume the complex potentials have the form
where s is the eigenvalue and 
For nontrivial solution, we have
The eigenvalue s and the associated bending singularity order  = -s can be determined by solving Eq. (29).
Mathematically, there are infinity numbers of eigenvalues. Due to the requirement of singularity and the finite value of rotation at the notch tip, only the eigenvalues in the range 0 < s < 1 are of interest.
Results and discussions
In this paper, two materials are considered, the material properties of which are Material A: 
lambda1 epson=10^-9 lambda2 epson=10^-9 lambda1 epson=1 lambda2 epson=1 lambda1 epson=10 lambda2 epson=10 
Seven stacking sequences, Seq. A to Seq. G, are considered in this study, as listed in Table 1 . Fig. 5 shows the effects of stacking sequence on the bending singularity orders for material B laminate. In this figure, we consider Seq. A, B, C and G. For Seq. A, all the eight layers have the same fiber orientation of   90  . For Seq. B, the material orientations of layers 3 to 6 are replaced by  0 . For all considered cases, no singularity is found when  180  . It is seen that the first singularity orders for Seq. B are weaker than those of Seq. A. However, the differences are not significant. For Seq. C, the material orientations of first 2 and last 2 layers are replaced by  0 . From the results shown in Fig. 5 , it is seen that the singularity orders of Seq. C are significantly weaker than the previous two sequences. From the results shown in Figs. 3 and 4 , we see that the singularity orders tend to be stronger when material orientation angle is  90 . For Seq. G, all the eight layers have the same fiber orientation (   0  ). This stacking sequence has the weakest singularity in Fig. 5 . For plate bending, the layers near the middle plane have little effect on the plate stiffness. It can be explained that the singularity orders of Seq. B has little difference from those of Seq. A. Fig. 6 shows the comparisons of the bending singularity for various plate angles. The stacking sequences considered in this figure are Seq. D, E, F and G. Comparing to Seq. A, B, and C, the non-zero fiber orientations are replaced by  45 in Seq. D, E and F. The numerical results show that no significant difference is observed for the four stacking sequences. The observations from Figs. 5 and 6 suggest that the fiber orientation should avoid  90 in order to reduce the bending singularity.
Conclusions
In this paper, the bending singularities near the apex of the V-notch in an anisotropic Ressiner-Mindlin composite laminate are investigated. The constitutive relation is derived based on the lamination theory. The Stroh-like formalism is introduced to model the anisotropy of the material. Based on the eigenfunction expansion method, the bending singularity orders can be determined by solving an eigenvalue problem numerically. The numerical investigations reveal that the bending singularity orders depend on the plate angle, material orientation, material anisotropy and the laminate stacking sequence. The material orientation should avoid  90 in order to reduce the bending singularity, especially for the lamina near the free surface. The findings presented in this paper are helpful in the design of the composite laminate with V-notch.
